INTRODUCTION {#SEC1}
============

Higher-order structures of nucleic acids, such as the mismatched, bulge and G-quadruplex structures, are significant research targets in nucleic acid chemistry because the structures are involved in the genetic control and diseases ([@B1],[@B2]). Reactive molecules, which recognize the specific structure and form a covalent bond, have been developed as a strong inhibitor and biochemical research tool ([@B3],[@B4]). While several excellent molecules, which can selectively form the covalent bond with the higher-order structures of nucleic acids were reported ([@B5]), the reactive moiety with a high selectivity and efficiency to the target is quite limited.

In our previous study, we developed 2-amino-6-vinylpurine (AVP) as a reactive moiety for the selective alkylation of the target thymine base ([@B14]). The AVP moiety was conjugated with Hoechst 33258 (Figure [1A](#F1){ref-type="fig"}), and the selective alkylation of the thymine base opposite an amino purine (AP) site was achieved by a proximity effect. In order to expand this alkylation ability, we investigated the suitable DNA or RNA binding molecule which is applicable for the vinyl alkylation chemistry. The triaminotriazine (TAT)--acridine conjugate **1** developed by Zimmerman is a T--T or U--U mismatch binding molecule which stabilizes the complex by the intercalation of the acridine and hydrogen bonds ([@B15]). In our study, we designed the vinyldiaminotriazine (VDAT)--acridine conjugate **2** for the selective alkylation of the T--T mismatched DNA or U--U mismatched RNA. Based on the paper reported by Zimmerman ([@B16]), we expected that the VDAT--acridine conjugate would recognize the T--T or U--U by the stable complex formation with hydrogen bonds as shown in Figure [1](#F1){ref-type="fig"} and selectively react with the T or U base by the proximity effect.

![Molecular design of the small molecule for the selective alkylation of the T--T mismatched DNA. (**A**) The structure of Hoechst--AVP conjugate. (**B**) The structure of TAT--acridine conjugate **1** reported by Zimmerman. (**C**) The structure of VDAT--acridine conjugate **2** designed in this study. (**D**) The conceptual scheme of the T--T mismatched DNA alkylation. (**E**) The predicted complex between the ligand and T--T mismatched DNA. (**F**) The predicted complex between the ligand and U--U mismatched RNA.](gkx1278fig1){#F1}

Generally, the T--T mismatch in DNA and U--U mismatch in RNA can be formed in the abnormal expanded trinucleotide repeat sequence ([@B1]). The myotonic dystrophy type 1 (DM1) is one of the trinucleotide repeat disorders caused by an abnormal expansion of the CTG trinucleotide repeats in the 3′-UTR of the DMPK gene. While the normal expansion of the CTG is 5--37 repeats, the abnormal one reaches 50--2000 repeats. This repeat DNA produces the toxic CUG repeat RNA which forms a complex with the alternative-splicing regulator muscleblind-like protein (MBNL), leading to splicing defects and disease symptoms. Thus, abnormal extended CTG or CUG repeats are considered to be one of the important targets for DM1 and several promising compounds have been developed ([@B17],[@B18]). For example, TAT derivatives, which can bind the CTG or CUG repeats, strongly inhibit the transcription or formation of the complex with MBNL ([@B19]). Disney's group developed bis-Hoechst derivatives conjugated with chlorambucil for the covalent bond formation, bleomycin for the RNA cleavage or azide-alkyne moieties for *in situ* probe synthesis ([@B7]). Berglund's group found that actinomycin D ([@B20]) and the diamidine derivatives ([@B21]) can reduce the abnormal extended CUG RNA levels. Nakatani's group developed new small molecules targeting the CUG repeats by the rational molecular design ([@B22]). In this study, we aimed to develop a reactive small molecule with the ability of the T--T or U--U mismatch selective alkylation for DM1 research.

MATERIALS AND METHODS {#SEC2}
=====================

The general chemicals were purchased from Wako Pure Chemical, Aldrich or the Tokyo Chemical Institute. The target oligo DNAs and RNAs were purchased from JBioS (Japan). The oligo sequences used in this study are shown in Table [1](#tbl1){ref-type="table"}. The ^1^H NMR spectra (400 MHz) were recorded by a Bruker 400 spectrometer. The ^1^H NMR spectra (600 MHz) and ^13^C NMR spectra (150 MHz) were recorded by a Bruker AVANCE III 600 spectrometer. The high resolution electrospray mass analysis was performed by a Bruker MicrOTOFQ II. The high performance liquid chromatography (HPLC) purification was performed by a JASCO HPLC System (PU-2089Plus, UV-2075Plus, FP-2015Plus and CO-2065Plus) using a reverse-phase C~18~ column (COSMOSIL 5C~18~-AR-II, Nacalai tesque, 4.6 × 250 or 10 × 250 mm for ligand purification and CAPCELL PAK C~18~ MGII, Shiseido, 4.6 × 250 or 10 × 250 mm for oligo DNA purification). MALDI-TOF MS measurements were performed by a Bruker Autoflex speed instrument using a 3-hydroxypicolinic acid/diammonium hydrogen citrate matrix. The gel imaging and quantification were performed by a FLA-5100 (Fujifilm Co.).

###### ODN and ORN sequences used in this study

  Entry       Sequences (5′-3′)
  ----------- ----------------------------------------------------------
  ODN**1**    Alexa647-CTGGC**X**GCGC (***X*** = dA, dG, dC, dT or dU)
  ODN**2**    FAM-GCGC**Y**GCCAG (***Y*** = dA, dG, dC, dT or dU)
  ODN**3**    FAM-CTGGCTGCGC
  ODN**4**    GCGC**Y**GCCAG (***Y*** = dA, dG, dC or dT)
  ODN**5**    FAM-CTGGC**T\***GCGC
  ODN**6**    GCGC**T\***GCCAG
  ODN**7**    CTGGC**X**GCGC (***X*** = dA, dG, dC, dT or AP)
  ODN**8**    FAM-GC(CTG)~12~GC
  ODN**9**    FAM-TAATACGACTCACTATAGGG
  ODN**10**   (CTG)~20~CCCTATAGTGAGTCGTATTA
  ODN**11**   (CAG)~20~CCCTATAGTGAGTCGTATTA
  ODN**12**   TAATACGACTCACTATAGGG(CAG)~20~
  ODN**13**   TAATACGACTCACTATAGGG(CTG)~20~
  ORN**1**    Alexa647-CUGGC**X**GCGC (***X*** = rA, rG, rC, rU or rT)
  ORN**2**    FAM-GCGC**Y**GCCAG (***Y*** = rA, rG, rC, rU or rT)
  ORN**3**    CUGGC**X**GCGC (***X*** = rA, rG, rC or rU)

Synthesis of *tert*-butyl (4-aminobutyl)carbamate (4) {#SEC2-1}
-----------------------------------------------------

To a vigorously stirred solution of butan-1,4-diamine (5.00 g, 56.7 mmol) in CHCl~3~ (40 ml) was slowly added a solution of Boc~2~O (2.48 g, 11.3 mmol) in CHCl~3~ (30 ml). The white suspension was stirred at room temperature overnight. The solvent was removed under reduced pressure, and 10% aqueous Na~2~CO~3~ (100 ml) was added. The mixture was then extracted with CH~2~Cl~2~ (80 ml × 3). The organic layer was dried over Na~2~SO~4~, and concentrated under reduced pressure. The crude product was purified by column chromatography (CHCl~3~: MeOH: NH~4~OH = 89: 10: 1) to give **4** as a pale yellow oil (2.00 g, 94%). ^1^H NMR (600 MHz, CDCl~3~) *δ* (ppm) 1.19 (brs, 2H), 1.44 (s, 9H), 1.46--1.55 (m, 4H), 2.71 (t, *J* = 7.2 Hz, 2H), 3.12--3.14 (m, 2H), 4.74 (brs, 1H). ^13^C NMR (150 MHz, CDCl~3~) *δ* (ppm) 27.5, 28.4, 30.9, 40.4, 41.9, 79.0, 156.0. ESI--HRMS (*m/z*) calcd for C~9~H~20~N~2~O~2~ \[M+H\]^+^ 189.1598, found 189.1597.

Synthesis of *tert*-butyl (4-((4-amino-6-(2-(methylthio)ethyl)-1,3,5-triazin-2-yl)amino)butyl)carbamate (5) {#SEC2-2}
-----------------------------------------------------------------------------------------------------------

To a solution of 4, 6-dichloro-1, 3, 5-triazin-2-amine **3** (0.500 g, 3.03 mmol) and K~2~CO~3~ (0.628 g, 4.55 mmol) in 1,4-dioxane (5.0 ml) was added a solution of **4** (0.616 g, 3.27 mmol) in 1,4-dioxane (12.0 ml). The mixture was stirred overnight at 50°C. To the mixture were added H~2~O (5.0 ml), 1,4-dioxane (3.0 ml), Pd(PPh~3~)~4~ (0.350 g, 0.303 mmol), K~2~CO~3~ (0.209 g, 1.52 mmol) and the vinylboronic anhydride pyridine complex (1.09 g, 4.55 mmol). The mixture was refluxed for 140 min, then cooled to room temperature. To the mixture, NaSCH~3~ (0.425 g, 6.06 mmol) was added and the mixture was stirred overnight at room temperature. The solvent was removed under reduced pressure, and the residue was dissolved in EtOAc (100 ml). The solution was washed with water (50 ml × 2) and brine (50 ml × 3). The organic phase was dried over Na~2~SO~4~, and concentrated under reduced pressure. The crude was purified by column chromatography (CH~2~Cl~2~: ethyl acetate = 3: 2→ ethyl acetate only) to give **5** as a yellow foam (0.612 g, 57%). ^1^H NMR (400 MHz, CDCl~3~) *δ* (ppm) 1.45 (s, 9H), 1.53--1.62 (m, 4H), 2.14 (s, 3H), 2.76 (t, *J* = 7.6 Hz, 2H), 2.87 (t, *J* = 7.6 Hz, 2H), 3.20 (m, 2H), 3.39 (m, 2H), 4.87--5.17 (m, 4H). ^13^C NMR (150 MHz, CDCl~3~) *δ* (ppm) 15.6, 26.5, 27.1, 28.5, 31.5, 38.4, 39.9, 40.2, 79.4, 156.0, 166.1, 167.0, 176.8. ESI-HRMS (*m/z*) calcd for C~15~H~28~N~6~O~2~S \[M+H\]^+^ 357.2067, found 357.2084.

Synthesis of *N*^2^-(4-((6-chloro-2-methoxyacridin-9-yl)amino)butyl)-6-(2-(methylthio)ethyl)-1,3,5-triazine-2,4-diamine (6) {#SEC2-3}
---------------------------------------------------------------------------------------------------------------------------

To a solution of **5** (0.050 g, 0.140 mmol) and triethylsilane (0.14 ml) in CH~2~Cl~2~ (0.20 ml) was dropwise added TFA (0.60 ml) and the mixture was stirred at room temperature for 1 h. The reaction mixture was diluted with toluene (3.0 ml) and concentrated under reduced pressure. The residue was co-evaporated with toluene (3.0 ml) twice. This crude was used without further purification. The mixture of the deprotected triazine unit (0.140 mmol), phenol (1.0 g) and 6-chloro-2-methoxy-9-phenoxyacridine (0.071 g, 0.21 mmol) was stirred at 90°C for 5 h. The reaction mixture was diluted with Et~2~O (100 ml) and washed with 3 M aqueous NaOH (100 ml × 3) and brine (100 ml × 2). The organic layer was concentrated under reduced pressure. The crude product was purified by column chromatography (CH~2~Cl~2~: CH~3~OH: NH~4~OH = 97: 2: 1) to give **6** as a yellow solid (0.045 g, 58%). Compound **6** was co-evaporated with MeCN containing 0.1% TFA. The TFA salt was dissolved in H~2~O containing 0.1% TFA and purified by RP-HPLC. The concentration of the pure compound **6** TFA salt was quantified by nuclear magnetic resonance (NMR) using maleic acid as an internal standard. ^1^H NMR (600 MHz, CDCl~3~) *δ* (ppm) 1.71 (quint, *J* = 7.2 Hz, 2H), 1.81 (quint, *J* = 7.2 Hz, 2H), 2.13 (s, 3H), 2.76--2.77 (m, 2H), 2.86 (t, *J* = 7.2 Hz, 2H), 3.39--3.47 (m, 2H), 3.73--3.75 (m, 2H), 3.95 (s, 3H), 4.70--5.17 (m, 4H), 7.20 (d, *J* = 2.4 Hz, 1H), 7.31 (dd, *J* = 9.0, 2.4 Hz, 1H), 7.43 (dd, *J* = 9.0, 2.4 Hz, 1H), 7.99 (d, *J* = 9.0 Hz, 1H), 8.00 (d, 9.0 Hz, 1H), 8.08 (s, 1H). ^13^C NMR (150 MHz, CDCl~3~) *δ* (ppm) 15.6, 27.0, 29.0, 31.4, 38.4, 40.1, 50.4, 55.6, 99.1, 116.2, 118.3, 123.9, 124.5, 124.8, 128.5, 131.7, 134.8, 146.9, 148.4, 149.5, 156.2, 166.2, 167.0, 177.0. ESI--HRMS (*m/z*) calcd for C~24~H~28~ClN~7~OS \[M+H\]^+^ 498.1837, found 498.1844.

Synthesis of VDAT--acridine conjugate (2) {#SEC2-4}
-----------------------------------------

To a solution of **6** (25 nmol) in dimethyl sulfoxide (DMSO) (1.0 μl) was added a solution of magnesium monoperphtalate (MMPP) (125 nmol) in water (8.0 μl) and the mixture was stored at room temperature for 45 min. 1.0 M aqueous NaOH (5.0 μl) and DMSO (4.0 μl) were then added and stored at room temperature for 45 min. 1.0 M acetic acid was added to neutralize the solution, and water was added to prepare a 1.0 mM solution of **2**. The solution was used for the alkylations without further purification. For ^1^H-NMR and ESI--HRMS measurements, **2** was purified by RP-HPLC. ^1^H NMR (600 MHz, CD~3~OD) *δ* (ppm) 1.80 (quint, *J* = 7.2 Hz, 2H), 2.06 (quint, *J* = 7.2 Hz, 2H), 3.46 (t, *J* = 7.2 Hz, 2H), 4.00 (s, 3H), 4.21 (t, *J* = 7.2 Hz, 2H), 5.74 (d, *J* = 8.4 Hz, 0.25H), 5.90 (d, *J* = 8.4 Hz, 0.75H), 6.33 (dd, *J* = 16.8, 8.4 Hz, 0.25H), 6.40 (dd, *J* = 16.8, 8.4 Hz, 0.75H), 6.52 (d, *J* = 16.8 Hz, 0.25H), 6.58 (d, *J* = 16.8 Hz, 0.75H), 7.49 (d, *J* = 9.0 Hz, 1H), 7.67 (d, *J* = 9.0 Hz, 1H), 7.75 (d, *J* = 9.0 Hz, 1H), 7.78 (s, 1H), 7.81 (s, 1H), 8.46 (d, *J* = 9.0 Hz, 1H). ESI--HRMS (*m/z*) calcd for C~23~H~28~ClN~7~O \[M+H\]^+^ 450.1804, found 450.1813.

Alkylation to DNA {#SEC2-5}
-----------------

A solution (50 μl) of ODN**1** (10 μM) and ODN**2** (10 μM) in MES buffer (100 mM) containing NaCl (200 mM) was heated at 90°C for 5 min, then gradually cooled to room temperature. To the ODN solution (5.0 μl) were added water (4.0 μl) and a 1.0 mM solution of **2** (1.0 μl), and the mixture was incubated at 37°C. The aliquots (1.0 μl each) were removed from the reaction mixture at various time points, quenched by a loading buffer (80% formamide, 10 mM ethylenediaminetetraacetic acid (EDTA), 4 μl), then cooled to 0°C. Electrophoresis was performed on a 16% denaturing polyacrylamide gel containing 20% formamide with 1 × TBE and 6.0 M urea at 450 V for 90 min.

Alkylation to RNA {#SEC2-6}
-----------------

The reaction was performed with ORN**1** (5 μM) and ORN**2** (5 μM) in the same manner as the alkylation to DNA.

Enzymatic hydrolysis of the alkylated ODN5 and ODN6 {#SEC2-7}
---------------------------------------------------

The alkylated ODN**5** and ODN**6** were synthesized with ODN**3** (600 nmol), ODN**4** (*Y* = dT) (600 nmol) and VDAT--acridine conjugate **2** (3.0 μmol) in the same manner as the alkylation conditions with ODN**1** (*X* = dT) and ODN**2** (*Y* = dT) and purified by RP-HPLC (CAPCELL PAL MG-II, Shiseido, 4.6 × 250 mm, solvent A: 50 mM TEAA, solvent B: MeCN, linear gradient: B 10--30%/ 20 min, flow rate: 1.0 ml/min, temperature: 40°C). A solution (100 μl) of the alkylated ODN**5** or ODN**6** (100 μM), alkaline phosphatase (0.03 U/μl, Takara Bio Inc.) and phosphodiesterase I (0.03 U/μl, Worthington Biochemical Corp.) in alkaline phosphatase buffer was incubated at 37°C for 1 h. The reaction mixture was heated at 90°C for 3 min, cooled to 0°C for 3 min and analyzed by RP-HPLC (CAPCELL PAL MG-II, Shiseido, 4.6 × 250 mm, solvent A: 50 mM TEAA for analysis or HCOONH~4~ for purification, solvent B: MeCN, linear gradient: B 5--40%/ 30 min, flow rate: 1.0 ml/min).

Determination of the alkylation position of dT\* by NMR {#SEC2-8}
-------------------------------------------------------

The alkylated thymidine dT\* obtained by enzymatic hydrolysis of the alkylated ODN**5** and ODN**6** was dissolved in DMSO-d6 containing 10 μM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS), the final concentration being 400 μM. DSS was used as an internal chemical shift reference. The COSY, edited-HSQC and HMBC spectra were recorded at 37°C using Bruker BioSpin DRX 600 and AVANCE III HD 600 spectrometers equipped with a cryogenic probe and a Z-gradient.

Melting temperature (*T*~m~) measurement {#SEC2-9}
----------------------------------------

A mixture of the DNA--DNA or DNA--RNA duplex (2.0 μM) in MES buffer (50 mM, pH 7.0) containing NaCl (100 mM) was transferred to a microquartz cell with a 1-cm path length. The melting temperature was then measured under UV absorption at 260 nm from 25 to 85°C at the rate of 1°C/min. The measurements were carried out three times per each sample and averaged for obtaining the final value. The melting temperature measurement was performed by a DU-800 (Beckman-coulter) equipped with a temperature controller.

Fluorescence measurement with 2-aminopurine-containing ODN {#SEC2-10}
----------------------------------------------------------

A mixture of the duplex (5.0 μM) in MES buffer (50 mM, pH 7.0) containing NaCl (100 mM) was transferred to a quartz cell with a 3-mm path length. The emission spectra were obtained with an excitation wavelength at 310 nm. The fluorescence measurement was performed by a FP-6500 (JASCO Corporation).

Alkylation to CTG repeats DNA {#SEC2-11}
-----------------------------

A solution (150 μl) of (CTG)~12~ ODN**8** (5.0 μM) and VDAT--acridine conjugate **2** (100 μM) in MES buffer (50 mM, pH 7.0) containing NaCl (100 mM) and 2% DMSO was incubated at 37°C. The aliquots (20 μl each) were removed from the reaction mixture at various time points and purified by RP-HPLC to remove the ligand **2**. The conversion was analyzed by a MALDI-TOF/MS measurement (linear negative mode) because the non-alkylated and alkylated ODN**8** were not separated in the HPLC profile. The percentage of the residual (CTG)~12~ was quantified from the ratio of the peak area. The percentages were calculated from three separate experiments. The observed first-order reaction rate constant (*k*~obs~) of the alkylation reaction to (CTG)~12~ ODN**8** was graphically obtained from the first-order kinetic plot (Equation [1](#M1){ref-type="disp-formula"}). $$\documentclass[12pt]{minimal}
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}{}\begin{equation*} \ln ({[{\rm{ODN}}]_t}/{[{\rm{ODN}}]_0}) = - {k_{{\rm{obs}}}}\cdot t \end{equation*}\end{document}$$

Primer extension reaction using CTG repeats DNA {#SEC2-12}
-----------------------------------------------

A solution (20 μl) of (CTG)~20~ ODN**10** (5.0 μM) and VDAT--acridine conjugate **2** (100 μM) in MES buffer (50 mM, pH 7.0) containing NaCl (100 mM) and 2% DMSO was incubated at 37°C for 6 or 24 h. The mixture was used as the alkylated template ODN**10**. A solution (30 μl) of the primer ODN**9** (0.17 μM), the alkylated template ODN**10** (0.5 μM) and internal standard ODN**2** (*Y* = dT) (0.07 μM) in NE buffer 2 (50 mM NaCl, 10 mM Tris--HCl, 10 mM MgCl~2~, 1 mM DTT, pH 7.9, New England Biolabs) was heated at 93°C and gradually cooled to room temperature for the annealing. To the solution were added dNTP (2.4 μl, final 0.2 mM) and the Klenow Fragment (exo−) (0.6 μl, final 0.1 U/μl, New England Biolabs), then the mixture was incubated at 37°C for 10 min. The reaction mixture was quenched by a loading buffer (80% formamide, 10 mM EDTA, 30 μl), then cooled to 0°C. Electrophoresis was performed on a 14% denaturing polyacrylamide gel containing 30% formamide with 1 × TBE and 5.3 M urea at 300 V and 40°C for 25 min.

Transcription reaction using CTG repeats DNA {#SEC2-13}
--------------------------------------------

A solution (7.8 μl) of ODN**12** and the alkylated template ODN**10** in buffer (40 mM Tris--HCl, 8 mM MgCl~2~, 2 mM spermidine, 5 mM DTT, pH 8.0, Takara Bio Inc.) was heated at 93°C and gradually cooled to room temperature for the annealing. A solution (10 μl) of the annealed duplex (0.05 μM), T7 RNA polymerase (0.01 U/μl, Takara Bio, Inc.) and NTP (2 mM) in buffer (40 mM Tris--HCl, 8 mM MgCl~2~, 2 mM spermidine, 5 mM DTT, pH 8.0, Takara Bio Inc.) was incubated at 37°C for 1 h, then to the mixture was added DNase I (0.2 μl, final 0.1 U/μl, Takara Bio Inc.). The mixture was incubated at 37°C for 20 min, quenched by a loading buffer (80% formamide, 10 mM EDTA, 10 μl), then cooled to 0°C. Electrophoresis was performed on a 20% denaturing polyacrylamide gel with 1 × TBE and 7.5 M urea at 300 V and 15°C for 3.5 h. The gel was stained with SYBR Green II for the RNA product detection.

RESULTS AND DISCUSSION {#SEC3}
======================

Alkylation with VDAT--acridine conjugate {#SEC3-1}
----------------------------------------

The designed VDAT--acridine conjugate **2** was synthesized via the SMe precursor **6**. First, the triazine unit **5** was synthesized from 4, 6-dichloro-1, 3, 5-triazin-2-amine **3** by the substitution reaction with the amine linker **4**, vinylation and the addition of methanethiol (Scheme [1](#F13){ref-type="fig"}). After deprotection of the Boc group, the triazine unit was conjugated with 6-chloro-2-methoxyacridine to give the SMe precursor **6**. Compound **6** was oxidized with MMPP and the resulting sulfoxide **7** was converted to the vinyl compound **2** under alkaline conditions (Scheme [2](#F14){ref-type="fig"}). The conversion from **6** to **2** was confirmed by HPLC and ESI--HRMS ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}), and the product was used for the alkylation.

![Synthesis of VDAT--acridine conjugate precursor.](gkx1278fig13){#F13}

![Synthesis of VDAT--acridine conjugate.](gkx1278fig14){#F14}

Alkylation with the VDAT--acridine conjugate was performed using the ODN**1** and ODN**2** with the different fluorescent labeling by Alexa647 and 6-FAM, respectively (Figure [2A](#F2){ref-type="fig"}). The reactions were evaluated by detecting the different fluorescent labeling on a denaturing polyacrylamide gel (Figure [2B](#F2){ref-type="fig"} and [Supplementary Figure S2](#sup1){ref-type="supplementary-material"}). A clear band shift was observed only when the T--T mismatched DNA was used. The alkylation yields were calculated by combining the yield of each strand. The reaction yield to the T--T mismatch reached 93% in 120 h and a slight reaction was observed to the C--C mismatch (Figure [2C](#F2){ref-type="fig"} and [D](#F2){ref-type="fig"}). The reaction yields to other mismatches, full matches and single strands were quite low, indicating that the selectivity of the VDAT--acridine conjugate was significantly high. Next, the reactions to the RNA target were performed in the same manner as the DNA target. A slight alkylation was observed to the U--U mismatched RNA and the yield reached 20% in 120 h (Figure [3](#F3){ref-type="fig"}). The reaction efficiency to the U--U mismatched RNA was much lower than that to the T--T mismatched DNA. Clear band shifts were not observed for the other base pairs ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}). To check the difference in the nucleophilicity between T and U, the alkylation was carried out using ODN**1**(*X* = dU)-ODN**2**(*Y* = dU) for the DNA duplex or ORN**1**(*X* = rT)-ORN**2**(*Y* = rT) for the RNA duplex ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). While the reaction with the dU--dU mismatched DNA proceeded, no reaction occurred with the rT--rT mismatched RNA. Thus, the large difference in the reaction efficiency will depend on the structure difference between the DNA and RNA duplex rather than the difference in the nucleophilicity. According to the results using the TAT--acridine conjugate **1**, the dissociation constant (*K*~d~) to T--T mismatch (0.39 μM) was lower than that to the U--U mismatch (2.1 μM) ([@B15]). In addition, the dimethylation of the amino group on the triazine significantly decreased the U--U mismatched RNA binding affinity ([@B16]). These results suggest that the VDAT--acridine conjugate **2** would bind to the T--T mismatched DNA more tightly than the U--U mismatched RNA probably due to the difference in the duplex conformation. Thus, the reaction efficiency of the U--U mismatch would be much lower than that to the T--T mismatch.

![Alkylation to DNA using VDAT--acridine conjugate **2**. The reaction was carried out with the duplex DNA (5 μM) and VDAT--acridine conjugate **2** (100 μM) in MES buffer (50 mM, pH 7.0) containing NaCl (100 mM) and 2% DMSO at 37°C. (**A**) The sequence of the target duplex DNA. (**B**) Gel image of the alkylation. The electrophoresis was performed on a 16% denaturing polyacrylamide gel containing 20% formamide. The red or green bases indicate X in ODN**1** or Y in ODN**2**, respectively. (**C**) Time course of the reaction yields. The alkylation yields were calculated by combining the yield of each strand. (**D**) The reaction yields after 48 h to the mismatched duplex DNA.](gkx1278fig2){#F2}

![Gel image of the alkylation to RNA using VDAT--acridine conjugate **2**. The reaction was carried out with the duplex RNA (ORN**1**--ORN**2**) (5 μM) and VDAT--acridine conjugate **2** (100 μM) in MES buffer (50 mM, pH 7.0) containing NaCl (100 mM) and 2% DMSO at 37°C. The red or green bases indicate X in ORN**1** or Y in ORN**2**, respectively.](gkx1278fig3){#F3}

Determination of the alkylated thymidine structure {#SEC3-2}
--------------------------------------------------

To determine the alkylated nucleoside structure, the alkylated DNA was synthesized on a large scale. The reaction was carried out using the FAM-labeled ODN**3** and non-labeled ODN**4**(*Y* = dT). FAM was labeled to easily discriminate another strand by HPLC. After 5 days of reaction, two new peaks, ODN**5** and ODN**6**, were observed in the HPLC profile ([Supplementary Figure S5](#sup1){ref-type="supplementary-material"}). MALDI-TOF/MS measurement of the purified products showed that the ODNs were the alkylated ODN with the VDAT--acridine conjugate.

The alkylated ODNs were next enzymatically hydrolyzed with alkaline phosphatase and phosphodiesterase I (Figure [4A](#F4){ref-type="fig"}). In addition to the native nucleosides and FAM, a new peak dT\* was observed in the HPLC profiles. The peaks of dT\*1 and dT\*2 were collected and the products were analyzed by ESI-MS. Both values of dT\*1 (692.7204) and dT\*2 (692.7201) corresponded to the calculated value of the thymidine alkylated with the VDAT--acridine conjugate (692.7206). Additionally, the co-injection of dT\*1 and dT\*2 showed only one peak (Figure [4B](#F4){ref-type="fig"}). These results indicated that the alkylation proceeded at the thymidine base and the structure of dT\*1 and dT\*2 would be the same.

![HPLC profiles of the enzymatic hydrolysis products. (**A**) HPLC analysis after enzymatic hydrolysis of ODN**5** (top) and ODN**6** (bottom). The enzymatic hydrolysis was performed with ODN**5** or ODN**6** (100 μM), alkaline phosphatase (0.03 U/μl) and phosphodiesterase I (0.03 U/μl) in alkaline phosphatase buffer at 37°C for 1 h. (**B**) Co-injection of dT\*1 and dT\*2.](gkx1278fig4){#F4}

According to the papers by Singer, the *O*2 and *O*4-alkylated dTs are hydrolyzed under acidic conditions ([@B23]), in contrast, the *N*3-alkylated dT is stable under the same conditions ([@B24]). The alkylated thymidine dT\*1 and 2 were combined and the mixture was treated with 0.1 M HCl at 50°C for 5 min and at 70°C for 60 min. An HPLC analysis showed that dT\* was stable ([Supplementary Figure S6](#sup1){ref-type="supplementary-material"}), suggesting that dT\* would be the *N*3 alkylated product.

To clearly determine the alkylation position, the COSY, edited-HSQC and HMBC NMR spectra of dT\* were recorded (Figure [5](#F5){ref-type="fig"} and [Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). The proton resonances of dT\*, including Ha, were assigned on the basis of the COSY spectrum ([Supplementary Figure S7](#sup1){ref-type="supplementary-material"}). The assignment of Ha, which is one of ethylene protons between the thymine base and triazine, was further confirmed by the edited-HSQC spectrum, the sign of the corresponding correlation peak being opposite to the sign of the correlation peaks of CHs. Ha gave the HMBC correlation peaks to two carbon resonances around 160 ppm, i.e. C2 and C4 (Figure [5](#F5){ref-type="fig"}). If the position of the alkylation of dT\* is either *O*2 or *O*4, these HMBC correlation peaks cannot be observed. Thus, the position of the alkylation of dT\* was concluded to be the *N*3 position.

![Elucidation of the alkylated position of dT\* by NMR. (**A**) Chemical structure of dT\* alkylated at the *N*3 position. (**B**) The edited-HSQC spectrum of dT\* is overlaid on its HMBC spectrum for two portions. Positive and negative peaks of the edited-HSQC spectrum are indicated by blue and green, respectively, while the peaks of the HMBC spectrum are indicated by red.](gkx1278fig5){#F5}

Thermal stability of the alkylated duplex and base flipping structure {#SEC3-3}
---------------------------------------------------------------------

To investigate the property of the alkylated ODN**6**, the *T*~m~ values of the dT\*-containing DNA--DNA and DNA--RNA duplex were investigated (Figure [6](#F6){ref-type="fig"}). For the native duplex, ODN**7** (*X* = dA, dG, dC or dT)--ODN**4**(*Y* = dT) or ORN**3**(*X* = rA, rG, rC or rU)--ODN**4**(*Y* = dT), only the A-T base pair showed a high *T*~m~ value. Interestingly, for the alkylated duplex, ODN**7**(*X* = dA, dG, dC or dT)--ODN**6** or ORN**3**(*X* = rA, rG, rC or rU)--ODN**6**, all the *T*~m~ values were comparable to the native full match duplex. We hypothesized that the alkylated ODN**6** would stabilize the duplex by the intercalation of the acridine part and flipping out the complementary base. The base flipping structure model of the alkylated duplex DNA is shown in Figure [7](#F7){ref-type="fig"}. To confirm the base flipping, the fluorescence emission assay using 2-AP) was performed (Figure [8](#F8){ref-type="fig"}) ([@B25],[@B26]). AP is a purine base with a strong fluorescence and used as a fluorescent probe. Since the AP fluorescence is highly quenched in a duplex due to the stacking interactions, we can confirm whether the AP base is flipped out of the DNA helix by checking the fluorescence increase. The fluorescence of ODN**6**(dT\*)--ODN**7**(*X* = AP) was significantly high, in contrast, ODN**4**(*Y* = dT)-ODN**7**(*X* = AP) or ODN**6**(dT\*)--ODN**7**(*X* = dA) did not show any fluorescence, clearly indicating that dT\* can induce the flipping of the AP base.

![*T* ~m~ values of dT\*-containing DNA--DNA or DNA--RNA duplex. (**A**) ODN**7**--ODN**4** (*Y* = dT) (left blue bar) or −ODN**6** (right red bar) duplex. (**B**) ORN**3**--ODN**4** (*Y* = dT) (left blue bar) or −ODN**6** (right red bar) duplex. The *T*~m~ values were measured using duplex (2.0 μM) in MES buffer (20 mM, pH 7.0) containing NaCl (100 mM).](gkx1278fig6){#F6}

![The base flipping structure of the alkylated duplex DNA. The model was calculated using the MacroModel software with the OPLS3 force field. The alkylating ligand is shown as the CPK model.](gkx1278fig7){#F7}

![Fluorescence emission spectra excited at 310 nm to confirm the base flipping. All measurements were carried out using the duplex (5.0 μM) in MES buffer (50 mM, pH 7.0) containing 100 mM NaCl at room temperature. (A) ODN**6** (dT\*)--ODN**7** (*X* = AP) duplex, (B) ODN**4** (*Y* = dT)--ODN**7** (*X* = AP) duplex, (C) ODN**6** (dT\*)--ODN**7** (*X* = dA) duplex.](gkx1278fig8){#F8}

Based on the results for the structural determination with the adduct and the property of the alkylated ODN, we propose the mechanism for the alkylation to the T--T mismatched duplex (Figure [9](#F9){ref-type="fig"}). Generally, the T--T mismatched DNA forms a wobble base pair ([@B27]). The VDAT--acridine conjugate will bind to the mismatched base pair and form the initial complex with four hydrogen bonds ([@B16]). In the equilibrium, one thymidine base might gradually flip out and enol form of the thymidine base would slowly react with VDAT to give the *N*3-adduct. The *O*2-adduct was not observed probably due to the poor nucleophilicity.

![The proposed alkylation mechanism to T--T mismatched duplex.](gkx1278fig9){#F9}

Alkylation to CTG repeats model DNA {#SEC3-4}
-----------------------------------

It is considered that the expanded (CTG)·(CAG) repeats sequence forms T--T mismatches by forming slipped DNA structures ([@B1],[@B28],[@B29]). We used (CTG)~12~ ODN**8** as the model for the alkylation to the CTG repeats DNA (Figure [10A](#F10){ref-type="fig"}). The reaction was observed by MALDI-TOF/MS measurements because ODN**8** was too large to discriminate the alkylated products from the non-reacted ODN**8** on a denaturing polyacrylamide gel electrophoresis and by an HPLC analysis. In the MS spectrum after 6 h, a clear 1-adduct peak was observed (Figure [10B](#F10){ref-type="fig"}). After 24 h, the 2-adduct and 3-adduct peaks were observed in addition to the 1-adduct peak. The percentage of the residual (CTG)~12~ ODN**8** was calculated from the peak area of each peak, and the time course is shown in Figure [10C](#F10){ref-type="fig"}. The observed reaction rate (*k*~obs~) of (CTG)~12~ ODN**8** was calculated by treating the reaction as a pseudo first-order reaction (Figure [10D](#F10){ref-type="fig"}). The *k*~obs~ of (CTG)~12~ (26.4 × 10^−6^ s^−1^) was six times higher than that of (CTG)~2~ (ODN**1**(*X* = T)-ODN**2**(*Y* = T) duplex) (4.2 × 10^−6^ s^−1^), suggesting that the efficiency of one alkylation would increase in proportion to the number of the T--T mismatches. This means that the alkylation efficiency to the abnormal expansion repeats target can be expected to increase in proportion to the number of CTGs. For DM1, the abnormal expansion of the CTG is 50--2000 repeats. Given that T--T mismatches are formed in the expanded (CTG)·(CAG) repeats sequence as reported ([@B1],[@B28],[@B29]), the efficient and selective alkylation to the long CTG repeats sequence might be possible using the VDAT--acridine conjugate **2**.

![Alkylation to (CTG)~12~ ODN**8** using VDAT--acridine conjugate **2**. The reaction was carried out with ODN**8** (5 μM) and VDAT--acridine conjugate **2** (100 μM) in MES buffer (50 mM, pH 7.0) containing NaCl (100 mM) and 2% DMSO at 37°C. (**A**) The sequence of (CTG)~12~ ODN**8**. (**B**) MALDI-TOF/MS spectra after running the reaction for 1, 6 and 24 h. (**C**) Time course of the residual (CTG)~12~. (**D**) Calculation of the observed first-order reaction rate constant (*k*~obs~) of the alkylation reaction to (CTG)~12~ ODN**8** or (CTG)~2~ ODN**1**(*X* = T)--ODN**2**(*Y* = T) duplex.](gkx1278fig10){#F10}

The alkylation of DNA should strongly inhibit the replication and transcription. We initially investigated the alkylation selectivity and the effect of the alkylation on the DNA polymerase reaction (Figure [11](#F11){ref-type="fig"}). The alkylation was carried out with (CTG)~20~ ODN**10** and the VDAT--acridine conjugate **2** at 37°C for 6 or 24 h. (CAG)~20~ ODN**11** was used as the control to check the alkylation selectivity. The alkylated ODN was annealed with the primer ODN**9** and the primer extension reactions were performed with the Klenow Fragment (exo−) as a DNA polymerase at 37°C for 10 min. When the alkylated (CTG)~20~ ODN**10** was used as the template, the ratio of the full length production of the primer extension reaction drastically decreased with the alkylation time. The short length products were observed like a ladder instead of the full length product. The ratio did not change when (CAG)~20~ ODN**11** was used, indicating that the alkylation selectivity was significantly high. In addition, the non-reactive TAT--acridine conjugate **1** did not inhibit the primer extension reaction. These results suggest that the VDAT--acridine conjugate **2** would be able to selectively and strongly inhibit the replication reaction.

![The effect of the alkylation on the primer extension reaction. (**A**) Gel image of primer extension reaction. The alkylation was initially carried out with (CTG)~20~ ODN**10** or (CAG)~20~ ODN**11** (5 μM) and VDAT--acridine conjugate **2** (100 μM) in MES buffer (50 mM, pH 7.0) containing NaCl (100 mM) and 2% DMSO at 37°C for 6 h (lane 2 or 6) or 24 h (lane 3 or 7). For TAT--acridine conjugate **1**, the mixture was incubated for 24 h (lane 4 or 8). The ODNs were then annealed with the primer ODN**9**. The primer extension reactions were performed with the template ODN**10** or ODN**11** (0.5 μM) and primer ODN**9** (0.17 μM), Klenow Fragment (exo−) (0.1 U/μl) and 0.2 mM dNTP in buffer (pH 7.9) at 37°C for 10 min. (**B**) The ratio of full length production.](gkx1278fig11){#F11}

Next, we investigated the effect of the alkylation on the transcription reaction (Figure [12](#F12){ref-type="fig"}). The alkylated ODN was annealed with the sense ODN and the transcription reactions were performed with the T7 RNA polymerase at 37°C for 1 h. When the alkylated (CTG)~20~ ODN**10** was used as the template, the ratio of the full length production of the transcription reaction drastically decreased, the same as the DNA polymerase reaction. The ratio did not significantly change when (CAG)~20~ ODN**11** was used. The TAT--acridine conjugate **1** did not inhibit the transcription reaction. Although this alkylation was performed with single strand (CTG)~20~ ODN**10** not (CTG)·(CAG) repeats duplex, these results suggest that the alkylated thymidine would strongly inhibit the transcription reaction.

![The effect of the alkylation on the transcription reaction. (**A**) Gel image of full length product in transcription reaction. The alkylation was initially carried out with (CTG)~20~ ODN**10** or (CAG)~20~ ODN**11** (5 μM) and VDAT--acridine conjugate **2** (100 μM) in MES buffer (50 mM, pH 7.0) containing NaCl (100 mM) and 2% DMSO at 37°C for 6 h (lane 2 or 6) or 24 h (lane 3 or 7). For TAT--acridine conjugate **1**, the mixture was incubated for 24 h (lane 4 or 8). The ODNs were annealed with the sense ODN**12** or ODN**13**. The transcription reactions were performed with the template ODN**10** or ODN**11** (0.05 μM), sense ODN**12** or ODN**13** (0.05 μM), T7 RNA polymerase (0.01 U/μl) and 2 mM NTP in buffer (pH 8.0) at 37°C for 1 h. (**B**) The ratio of the full length production.](gkx1278fig12){#F12}

CONCLUSION {#SEC4}
==========

We have described the T--T mismatch selective alkylation with the VDAT--acridine conjugate **2**. The selectivity was significantly high while the yield to other mismatches was quite low even to the U--U mismatched RNA. From the NMR study of the alkylated thymidine, the alkylation selectively proceeded at the *N*3 position of dT. Interestingly, the alkylated thymidine induced the base flipping of the complimentary base by the stabilization of the duplex with the acridine part and the steric hindrance of the triazine part alkylated at the *N*3 position of dT. This information would be useful to develop the base flipping induced ODN, such as the phenylurea derivative of deoxyadenosine developed by Sugimoto\'s group ([@B26],[@B30]). Importantly, the observed reaction rate for one alkylation increased in proportion to the number of T--T mismatches. This indicates that the efficiency for one alkylation would increase to the abnormal extended CTG repeats DNA. In addition, the alkylation of the CTG repeats DNA led to strongly inhibiting the primer extension reaction and transcription which the TAT--acridine conjugate **1** could not inhibit. The VDAT--acridine conjugate **2** would be a new biochemical tool for a CTG repeats study and may give a new strategy for the molecular therapy of DM1.

From the results of the T--T mismatch alkylation, we consider that a reactive vinyl group modified on a DNA or RNA binding molecule is a promising and broad-applicable alkylation moiety for nucleic acid chemistry. The alkylation and modification of the various higher-order structures of nucleic acid using vinyl-modified small molecules are ongoing in our laboratory.
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